We show the possibility of unidirectional freezing of colloidal random suspensions as a novel method for growing colloidal crystals. First we confirmed the rejection of polystyrene particles from unidirectionally growing ice-water interfaces by observing color gradations of colloidal crystals formed in front of the interfaces. The rejection of particles ColloidalCrystallizationByFreezing-Manuscript_Rev 06.doc Click here to view linked References 2 from the growing interfaces increased particle concentration in the colloidal crystals. Then we succeeded in achieving colloidal crystallization in front of ice-water interfaces during the unidirectional freezing of water suspensions of polystyrene particles. The colloidal crystals thus obtained exhibited a columnar shape that is typically observed in the unidirectional colloidal crystallization using centrifugation.
convection-assisted dip coating methods [3] , template-assisted sedimentation methods [4] , shear-assisted alignment methods [5, 6] , unidirectional growth methods driven by diffusion of pyridine [7] , centrifugal sedimentation methods [8] , etc. To grow close-packed colloidal crystals that have large size and high quality, high controllability is required. As such colloidal crystallization methods, we came up with the utilization of unidirectional growth of ice crystals, since many in-situ observation studies on the unidirectional growth of ice-water interfaces have already been performed using various sophisticated and highly-controllable apparatuses [9] [10] [11] [12] .
Regarding colloidal crystallization using freezing, there exists only one report as far as we know. Im et al. quenched water suspensions of polystyrene particles with liquid nitrogen, and obtained iridescent 3D colloidal crystals [13] . Although they clearly demonstrated that freezing is useful for fabricating colloidal crystals, they did neither control nor observe the crystallization processes. Thus, one has to clarify precise mechanisms of condensation and colloidal crystallization of particles during the freezing processes.
To achieve colloidal crystallization using unidirectional freezing, colloidal particles have to be rejected by growing ice-water interfaces. Uhlmann et al. studied the freezing of three liquid suspensions of ten foreign particles [14] . They clearly indicated that the rejection of the particles occurred when the velocity of an advancing solid-liquid interface was slower than a critical value. Hence from this result, we expected that freezing of colloidal random suspensions can become a promising means for colloidal crystallization.
In this study, we observed unidirectional freezing of colloidal crystals and colloidal random suspensions of polystyrene particles. Then we demonstrated the possibility of the unidirectional freezing as a novel highly-controllable method for colloidal crystallization.
Experimental

Sample preparation
Suspensions of polystyrene microspheres of diameter d = 200 nm in water were purchased from Duke Scientific Corporation (catalog No. 5020A). Volume fraction of the suspension φ was 0.1.
To confirm the rejection of polystyrene particles from ice-water interfaces, colloidal crystals were prepared by deionizing the suspensions. To deionize the suspensions, ion-exchange resin beads (AG501-X8 (D), BioRad) were added into the suspensions, and the suspensions were gently stirred for more than 3 days until they showed iridescence all over the suspensions. Then the colloidal crystals thus obtained were used for unidirectional freezing experiments. In these experiments, interfaces between growing ice crystals and colloidal crystals were observed. Here note that ice crystals could be easily grown in the colloidal crystals, since the colloidal crystals we used in this study contained sufficient amount of water (90% in volume at first).
Another series of unidirectional freezing experiments were also carried out using the suspensions without deionization (as purchased), to demonstrate colloidal crystallization at interfaces between growing ice crystals and water suspensions of polystyrene particles.
Experimental apparatus
A growth cell was composed of two glass slides (76 mm long × 26 mm wide × 1 mm thick) as horizontal top and bottom walls, and of two nylon wires (diameter  = 0.090 mm)
as spacers in the longitudinal direction (Fig. 1) . Interspaces between the slides were sealed with a silicone adhesive as schematically shown in Fig. 1 . A water suspension of polystyrene particles was injected into the internal space of the cell. Then, both open ends of the space were sealed also with a silicone adhesive.
Unidirectional freezing experiments were performed in an apparatus schematically shown in Fig. 2 . The design of the apparatus was originally provided by Hunt et al. [9] , and modified by Nagashima and Furukawa [10] .
A growth cell was located in the apparatus as schematically shown in Fig. 2(a) . The temperature profile in the particle suspension (hatched region in Fig. 2(a) ) in the cell is schematically shown in Fig. 2(b) . The temperatures of the right and left sides of the cell were controlled at higher and lower temperatures (T H and T L ) by using two copper blocks whose temperatures were controlled by Peltier thermoelements. An approximately linear temperature gradient was provided in the gap between the higher and lower temperature regions [10] . Fig. 2 (c) shows a schematic drawing of growing ice crystals in the hatched region. When the cell slid in the direction of a white arrow with the velocity V, the temperature profile provided stationary growing ice interfaces. The interfaces were formed at the position whose temperature T front was slightly lower than the melting temperature T m = 0.0 °C. Unidirectional freezing processes were observed in situ by transmission and reflection bright-field optical microscopy.
Characterization of the concentration of particles
To probe the rejection of particles from ice-water interfaces, changes in complementary colors [16] [17] faces d{111}; the complementary colors also depend on d{111}. Thus the change in a particle volume fraction φ can be characterized from the change in complementary colors.
Results and Discussion
Rejection of particles from growing ice crystals
To achieve colloidal crystallization by unidirectional freezing of colloidal random suspensions, colloidal particles have to be rejected from growing ice crystals. Then, before performing colloidal crystallization using colloidal random suspensions, first we tried to confirm the rejection of particles from growing ice crystals. To visualize rejection of particles, we performed unidirectional growth of ice crystals in "colloidal crystals" (instead of colloidal random suspensions).
We observed complementary colors of colloidal crystals in front of growing ice crystals using a transmission optical microscope (Fig. 3 ). Fig. 3 (a) was taken 2 s after we started the growth of ice crystals at T L = -5.1 °C and T H = 5.0 °C. In Fig. 3(a) , the leftmost white region corresponds to ice crystals, and the other colored region shows colloidal crystals. In our experimental conditions, transmittance of particle random suspensions was low (0.3 % at the wavelength λ = 500 nm). Then particle random suspensions looked dark in a transmission image (as lately shown in Fig. 5 (a) ). Hence the white color of the ice crystals indicates that the ice crystals did not include particle suspensions. Disappearance of complementary colors in the ice crystals also showed that the ice crystals did not include colloidal crystals. In contrast, color gradations shown in the colloidal crystals demonstrated that lattice parameters of the colloidal crystals gradually changed in the x direction, resulting from the rejection of particles from the ice crystals. At the nearest position of the growth front, the complementary color of the colloidal crystals looked orange (Fig. 3) . According to the simplest estimation explained in Fig. 4 , the orange color corresponds to the volume fraction of colloidal crystals φ = 0.84. However, this value is higher than the maximum volume fraction φ = 0.74, at which particles are closely packed. This discrepancy was probably due to the too simplified model, the difference in the color sensitivities of human eyes and a charge-coupled-device camera used in this study, etc. [16] [17] .
Growth of colloidal crystals by unidirectional freezing of polystyrene particle random suspensions in water
As confirmed in the section 3.1, the rejection of particles occurred at growing ice crystals.
Then, next we observed unidirectional freezing of water suspensions of polystyrene particles (φ = 0.1), using a reflection and transmission microscope ( . From these results, we concluded that the nucleation and growth of the colloidal crystals occurred in front of the ice-water interface when the volume fraction of the particles increased beyond a critical value, while the other parts of the particle suspension remained as the suspension in which particles were randomly dispersed.
We observed the cell from underneath using an inverted-reflection microscope. Hence, from the images shown in Figs. 5 (a) and (b), a cross-sectional structure of the sample can be schematically drawn as Fig. 5(d) . This is probably because density of water is higher than that of ice. During the growth of ice crystals, heavier water came down to the bottom glass plate, and lighter ice crystals tended to growth on the top glass plate. Such the downward growth of the ice crystals increased the volume fraction of the particles on the bottom, resulting in the colloidal crystallization on the bottom.
In Fig Figs. 5(b) and (c) indicate that the colloidal crystal showed a columnar shape, as in the case of the unidirectional growth of colloidal crystals by centrifugation [8] . The formation of the columnar grains should be also due to the nucleation of colloidal crystals in front of the ice-water interface and to the subsequent geometrical selection of growing grains as described above. Thus, the findings obtained in the colloidal crystallization by centrifugation strongly suggest that the further decrease in V or initial particle concentration will result in the further suppression of nucleation, yielding the enlargement of grains.
Intentional addition of surfactants in the suspension would be also useful to control the nucleation rates of grains in front of the ice-water interface or to modify the shape of the interface. We will perform such experiments in the near future.
Fortunately, the advancing ice-water interface did not destroy the columnar grains of colloidal crystals until the grains had grown up to ≈ 40 μm in length, since the color of a columnar grain was uniform at the microscopic level. The ice-water interface probably advanced with keeping columnar grains undestroyed in front of the interface, since colloidal crystals in front of the interface easily move rightward during the advancement of the ice-water interface. The ice-water interface probably pushed the colloidal crystals and grew smoothly, since water easily passed through the interspace between particles in the grains. To prove this mechanism, we will have to perform the precise in-situ observation of colloidal crystallization processes, in the near future. In addition, we will also carry out the precise characterization of the quality of colloidal crystals in front of the ice-water interface.
Conclusions
In this paper, we explored the possibility of unidirectional freezing as a novel method for growing colloidal crystals. We observed in situ the unidirectional freezing processes of the colloidal crystals and colloidal random suspensions. Then from the changes in the complementary colors of the colloidal crystals, we confirmed that the unidirectionally moving ice-water interfaces reject and concentrate the particles. We could also prove that colloidal crystallization proceeds in front of the unidirectionally growing ice-water interfaces. These results strongly suggest that the unidirectional freezing can become a promising means for colloidal crystallization. In the near future, we will elaborate to grow colloidal crystals of large grain size utilizing the good controllability of the unidirectional freezing. (c) A magnified illustration of ice crystals and a particle suspension in the hatched region shown in (a). A white arrow shows the sliding direction of the growth cell. A growth front of ice crystals was formed at the position whose temperature T front was slightly lower than the melting temperature T m (0 °C in this study), since melting point depression probably occurred owing to the condensation of rejected particles in front of the growth interface as in the case of bentonite particles [15] . Fig5_Revision.doc
